A full length cDNA copy of the NS mRNA of the Missouri strain (Hazelhurst subtype, New Jersey serotype) of vesicular stomatitis virus (VSV) has been cloned and sequenced. The mRNA is 856 nucleotides long (excluding polyadenylic acid) and encodes a protein of 274 amino acids (mol. wt. 31000). Comparison with the NS gene of the Ogden strain (Concan subtype, New Jersey serotype) showed 15 ~ difference at the nucleotide level and 10Y/oo difference at the amino acid level; the majority of the changes were located in the Y half of the mRNA. Comparison with the NS genes of two strains representing the Indiana serotype showed about 50~ nucleotide and 33 ~ amino acid sequence homology between the serotypes. In a four-way comparison of the proteins, two regions of higher homology were noted which may be of functional importance. Eighteen potential phosphorylation sites (Ser or Thr) were conserved between the four proteins; five of these sites correspond to the residues which have been suggested to be constitutively phosphorylated and may be essential for NS activity.
INTRODUCTION
The NS (so-called non-structural) protein of vesicular stomatitis virus (VSV) is multifunctional and has been shown to play a role in mRNA transcription, genome replication and virion maturation (for review, see Pringle, 1986 ). In the virus particle NS is complexed with the L protein and is closely associated with the negative strand RNA-nucleocapsid (N) protein complex. NS is a phosphoprotein with a molecular weight of about 30000 (Gill & Banerjee, 1985) although in SDS-polyacrylamide gels its migration is anomalously slow probably due to its highly acidic nature (Marnell & Summers, 1984) . It is documented that the degree of phosphorylation of NS plays a regulatory role in transcription in vitro (Kingsford & Emerson, 1980; Hsu et al., 1982) and the ability to bind nucleocapsids (Clinton et al., 1978) , and recently S/mchez et al. (1985) reported that the viral L protein specifically phosphorylates NS in vitro.
Detergent treatment of VSV particles yields a transcribing ribonucleoprotein complex (TNP), comprising the virion RNA and L, N and NS proteins, which retains essentially all the transcriptase activity of the virion (Bishop & Roy, 1972; Emerson & Wagner, 1972; Szilfigyi & Uryvayev, 1973) . Fractionation and reconstitution experiments with TNP have been used in an attempt to define the roles of the different proteins in transcription but have generated conflicting results. Ongrfidi et al. (1985 a, b) have suggested that L alone is the transcriptase while NS exerts a controlling effect, whereas the laboratories of both Emerson and Banerjee have reported that a combination of L and NS is required to synthesize RNA in vitro (Emerson & Yu, 1975; Mellon & Emerson, 1978; Kingsford & Emerson, 1980; De & Banerjee, 1984 , 1985 .
As an alternative approach to studying the role of NS we undertook to clone a cDNA copy of the NS mRNA with the long term view to express the cDNA in a eukaryotic system. For these studies we chose the Missouri strain of the New Jersey serotype of VSV because temperaturesensitive mutants of this strain with lesions in the NS gene had previously been isolated and characterized in our Institute (Pringle et al., 1971 ; Evans et aL, 1979) . Here we report the cloning
Cloning and identification of NS gene cDNA
Total cellular RNA extracted from actinomycin D-treated, VSV-infected BHK ceils was used as the template for cDNA synthesis. With oligo(dT)~ 2-18 as primer and the reaction conditions of Gubler & Hoffman (1983) double-stranded DNA was produced and, following dCMP tailing, the cDNA was annealed to dG-tailed, PstI-cut pBR322 plasmid DNA. Colony hybridization with 32p-labelled VSV genomic RNA was used to identify plasmids containing VSV-specific inserts, and greater than 15~ of the colonies screened contained viral sequences. This high proportion presumably reflects the inhibitory effect of the actinomycin D treatment on cellular mRNA synthesis and the efficient production of VSV mRNAs. NS cDNA-specific plasmids were identified by a combination of Northern blotting and message selection/in vitro translation. For this, plasmid DNA was prepared from 5 ml overnight cultures (Birnboim & Doly, 1979) , and a sample of the DNA was 32p-labelled by nick translation. The radiolabelled DNA was then hybridized to infected cell RNA which had been fractionated by agarose gel electrophoresis and immobilized on a nitrocellulose membrane (Pringle et al., 1984) . VSV-infected cell RNAs 32p. labelled in vivo were included as markers. An example is shown in Fig. 1 (a) : it can be seen that the M and NS mRNAs were poorly resolved and therefore hybridization to this region of the blot identified both M and NS cDNA-containing plasmids. To distinguish between these, plasmid DNAs were immobilized on nitrocellulose filters and hybridized to infected cell RNA. After extensive washing the hybridized RNA was eluted, translated in an in vitro system and the products were analysed by polyacrylamide gel electrophoresis (Elliott, 1985) . The M and NS proteins were clearly resolved by electrophoresis (Fig. 1 b) , enabling NS cDNA-containing plasmids to be identified. For comparison, the behaviour of an N gene cDNA-containing plasmid in these experiments is also shown in Fig. 1 (a) and (b) . Digestion of the NS-specific plasmids with PstI showed that the inserts contained a characteristic internal PstI site (Fig. 1 c) . The frequency of NS gene-containing plasmids was estimated to be 0.7~ in our library. One plasmid, designated pNJNS1, contained an insert of approximately 900 base pairs in total, and was selected for sequence determination. The two insert fragments of pNJNS1 were digested with HpalI, HaelII or HinfI, subcloned into bacteriophage M13mpl8 and their sequence was determined by the dideoxy chain termination method (Sanger et al., 1977, 1980) . The sequence spanning the internal PstI site was obtained by digesting intact pNJNS1 with HpalI, isolating the appropriate fragment from a polyacrylamide gel and ligating the purified fragment into M13mpl8 DNA.
The complete sequence of the insert from pNJNS1 is shown in Fig. 2 , and reveals that pNJNS1 contains a full length cDNA copy of the NS mRNA because (i) at the 5' end of the insert, following a string of approximately 25 G residues (not shown on figure) is the sequence AACAGAGATC, which corresponds to the consensus sequence 5'-AACAGNNAUC-3' reported to be at the 5' end of all VSV mRNAs (McGeoch, 1979; Rose, 1980; Franze-Fernandez & Banerjee, 1978) , and (ii) at the 3' end there is the sequence TATG followed by a polyadenylate stretch of 12 residues [corresponding to the oligo(dT) t 2-18 primer] before a 'tail' of approximately 25 C residues (not shown in the figure) . Rose (1980) and Rhodes & Banerjee (1980) The NS mRNA is 856 nucleotides long excluding the 3' poly(A) tract, and encodes a protein of 274 amino acids (mol. wt. 31000) beginning at AUG (bases 11 to 13) and terminating at UAA (bases 833 to 835). The next largest AUG-initiated open reading frame in either the (+) [mRNA]-or (-) [genomic RNA]-sense RNA would encode a protein of 65 amino acids, beginning at bases 51 to 53 in the mRNA. The amino acid composition of the NS protein indicates that the protein is relatively rich in aspartate and methionine residues, and relatively deficient in alanine and glycine residues compared to an 'average' protein (Klapper, 1977) , i.e. Asp 9.2 ~o compared to 5.5 ~, Met 4.2 ~ compared to 1.7 70, Ala 3.5 ~ compared to 9.0 ~ and Gly 4.2~ compared to 7-5~o. There are a total of 46 potential phosphorylated residues in the NS protein (33 Ser and 13 Thr). The NS protein has an overall charge of -18.5 at pH 7.0, assuming + 1 charge for Lys and Arg, +0.5 for His and -1 charge for Asp and Glu at this pH.
Comparison of VSV NS genes and proteins
Nucleotide sequences of the NS genes of four strains of VSV, representative of the New Jersey (N J) and Indiana (IND) serotypes, are now available, and a summary of the comparisons of these sequences is given in Table 1 .
The mRNAs of the New Jersey serotype strains are both 856 nucleotides in length (excluding polyadenylic acid) compared to 814 nucleotides for the Indiana serotype strains. There is about 50~ nucleotide homology between the NS genes of the two serotypes and the distribution of homology is displayed as a computer-generated dot matrix in Fig. 3 (a) . This shows that there are only short regions of significant homology scattered throughout the gene sequences. For comparison the nucleotide sequences of the G and N genes of the NJ and IND serotypes show 54~ and 68~ homology respectively (Gallione & Rose, 1983; Banerjee et al., 1984) .
The two NJ strains are 85~ homologous at the nucleotide level, and as shown in Fig. 2 the majority of the nucleotide differences occur in the 3' half of the m RNA. A limited comparison of 151 bases at the 5' end and 208 bases at the 3' end of the N protein mRNAs of the Missouri and Ogden strains showed a similar degree of homology ( D. J. McGeoch, personal communication; Pringle, 1986) .
Comparison of the amino acid sequences of the NS proteins showed about 33~ homology between the two serotypes, although the dot matrix comparison (Fig. 3b) indicated a clear similarity between the two proteins. The conservation of the NS proteins is thus considerably lower than that of the G proteins (51 ~o) or the N proteins (69 ~o) of the two serotypes (Gallione & Rose, 1983; Banerjee et al., 1984) . There are 27 amino acid differences between the Missouri and Ogden strains (Fig. 2) , notably a stretch of six contiguous mismatched residues at positions 190 to 195. The 10 ~o difference in the amino acid sequences between the NS proteins of the Missouri and Ogden strains [which represent the Hazelhurst and Concan subtypes of the NJ serotype (Reichmann et al., 1978) ] manifests itself as a difference in the electrophoretic mobility of the proteins in SDS-polyacrylamide gels (Schnitzlein & Reichmann, 1985) . The only other available comparison of VSV gene sequences is from Gopalakrishna & Lenard (1985) who compared the conserved carboxy terminal domain (region C in Fig. 4) . Phosphorylation of the NS protein has been studied in a number of laboratories by analysis of the products generated by enzymic or chemical cleavage of the protein. Hsu et al. (1982) reported that NS1 (the less phosphorylated class of NS molecules) was phosphorylated primarily at residues in two chymotryptic peptides, while the more highly phosphorylated molecules contained additional chymotryptic phosphopeptides. Studies by Marnell & Summers (1984) and Bell & Prevec (1985) indicated that the majority of phosphate residues resided in the amino terminal portion of the NS molecule, and Hsu & Kingsbury (1985) localized these residues to a peptide lying between amino acids 35 and 78. As shown in Fig. 4 , our comparison reveals five potentially phosphorylated residues in this region which are conserved in the four VSV strains. Hsu & Kingsbury (1985) suggested that the same five sites were constitutively phosphorylated in NS and might be essential for a basal level of NS activity. The availability of a full length cDNA clone for expression in eukaryotic cells and the advent of oligonucleotide mediated site-directed mutagenesis (Zoller & Smith, 1982) will enable us to test this hypothesis experimentally.
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